This study documents the geochemical heterogeneity introduced into mantle lithosphere at the onset of subduction, where an essentially homogeneous mantle asthenosphere is converted into a compositionally heterogeneous mantle lithosphere as a result of increasingly focused melt ascent at shallower levels. We report field observations and geochemical results from the Red Hills ultramafic massif, part of the Dun Mountain ophiolite belt of New Zealand. In the east, the Red Hills massif contains geochemically homogeneous harzburgites (Two Tarns Harzburgite). On its western and southern edge, the harzburgites are overprinted by a petrologically zoned sequence of foliated plagioclase lherzolite and plagioclase harzburgite on the periphery (Plagioclase Zone), and banded harzburgite and dunite (Plateau Complex) in the interior. The various lithological units of the Red Hills massif are interpreted to have formed as a result of a polygenetic, multi-stage melting and refertilization history. The Two Tarns Harzburgite is interpreted to record c. 10-15% melting in the garnet stability field followed by an additional 10% melting in the spinel stability field. Early garnet field melting is defined as Stage 1, and probably occurred in a mid-ocean ridge setting in a relatively reduced environment of around log fO 2 (DFMQ) -1Á5 (where FMQ is the fayalite-magnetite-quartz buffer) or lower. Stage 2 is defined as spinel field melting and melt interaction. Melt interaction trends for Stage 2 indicate that Stage 2 melts were relatively oxidized, at around log fO 2 (DFMQ) þ1, and boninitic in composition, suggesting a forearc subduction initiation setting for Stage 2. In the western massif, later Stage 3 melts petrologically overprinted rocks once part of the Two Tarns Harzburgite. The plagioclase-rich contact (Plagioclase Zone) between the Two Tarns Harzburgite and the Plateau Complex is interpreted to represent a refertilization front between the Two Tarns Harzburgite and an upper mantle melt transport network (Plateau Complex; Stage 3), where melts became focused into kilometer-scale conduits at shallow depths in the plagioclase stability field. Highly anorthitic plagioclase suggests that Stage 3 melts were also associated with a forearc, subduction-zone setting. Within the Stage 3 melt network, pervasive major element and cryptocrystalline metasomatism altered peridotite originally similar to the Two Tarns Harzburgite. Our results indicate that pulses of pervasively migrating melts (Stage 2) rose and were focused into narrower conduits (Stage 3) towards the surface in a forearc suprasubduction-zone setting. Because shallow melt migration is localized into narrow zones, a significant percentage of the mantle lithosphere in forearcs may be relict from earlier pervasive mid-ocean ridge melting or deeper forearc melting, as seen in the Red Hills.
INTRODUCTION
Unravelling the history of metasomatism in upper mantle rocks is critical for understanding compositional changes in the mantle lithosphere through time. Metasomatism may alter various geophysical characteristics of the mantle lithosphere (e.g. O'Reilly & Griffin, 2013) , such as its density and seismic shear wave velocity (Deen et al., 2006) and bulk strength (Lenardic & Moresi, 1999; Poudjom Djomani et al., 2005) , as well as its thermal characteristics (O'Reilly & Griffin, 2000) .
Chemical reactions are thought to occur between ascending mantle melts and upper mantle peridotite. Percolative fractional crystallization (Harte et al., 1993) and other types of refertilization reactions during melt ascent can alter the composition of both the upper mantle (e.g. Takazawa et al., 1992; Batanova & Sobolev, 2000; Le Roux et al., 2007; Batanova et al., 2011) and the ascending melt (Macpherson et al., 2006) . Refertilization reactions and percolative fractional crystallization can cause changes in the modal mineralogy of the upper mantle (van der Wal & Bodinier, 1996; Le Roux et al., 2007) , resulting in compositional heterogeneity. The scale of mantle heterogeneity is related to the scale of the metasomatizing melt transport network.
Studies in modern forearc environments have shown that peridotites initially melted in mid-ocean ridge or back-arc basin settings are variably altered by later subduction-zone forearc melts (Parkinson & Pearce, 1998; Pearce et al., 2000) . Little is known about the geometry and scale of the melt conduits responsible for forearc geochemical heterogeneity. Studies on the scale and geometry of melt transport networks are largely limited to studies of peridotite massifs and ophiolites (van der Wal & Bodinier, 1996; Batanova & Sobolev, 2000) , where it is often difficult to isolate the tectonic setting (i.e. mid-ocean ridge or suprasubduction zone) of dunite bands, refertilization fronts, and other fabrics attributed to melt migration.
There are two goals for this study: (1) to develop a comprehensive melting and melt migration history for the Red Hills, and place this history in a tectonic context; (2) to describe the geometry and petrological effects of a late-stage melt transport system that we interpret to have developed in a forearc setting, and apply this model towards understanding geochemical heterogeneity in modern forearcs. We divide the chemical and compositional changes in the massif into three stages using whole-rock geochemistry, mineral compositions, and calculations of fO 2 results. The stages reflect early pervasive melting and melt reaction first in a mid-ocean ridge environment (Stage 1), and continuing in a forearc environment (Stage 2), and later focused melt ascent also in a forearc environment (Stage 3).
GEOLOGICAL BACKGROUND
The Red Hills ultramafic massif (RHUM) is part of the Dun Mountain Ophiolite Belt (Fig. 1a) of the South Island, New Zealand. The crustal section of the Dun Mountain Ophiolite belt is considered to have formed in a forearc environment (Sano et al., 1997; Sivell & McCulloch, 2000) during the middle Permian (Kimbrough et al., 1992) . Late Permian to Triassic forearc sediments of the Maitai Group unconformably overlie the ophiolite (Johnston, 1981) .
The RHUM, a large, 100 km 2 ultramafic body composed of largely unaltered peridotite, has been mapped by Walcott (1969) , Johnston (1982 Johnston ( , 1990 and most recently by Stewart (2015) (Fig. 1b) . The tectonic setting of melting and melt reaction in the Red Hills massif has previously been interpreted as that of a mid-ocean ridge (Sano & Kimura, 2007; Kimura & Sano, 2012) .
Based largely on the geochemical work of Sano & Kimura (2007) , the Red Hills can broadly be divided into a refractory mantle domain in the east, previously melted in the garnet and spinel stability fields, and a refertilized domain in the west, with refertilization occurring in the plagioclase stability field (Fig. 1c) . Sano & Kimura (2007) interpreted the western portion of the Red Hills complex to represent the Moho transition zone, based on a continuous mantle section not cut by late-stage faults. However, their model is in disagreement with previous mapping by Johnston (1990) , who mapped the Porter Fault (Fig. 1b) along the central massif. Stewart (2015) found left-lateral shear sense indicators along the structure mapped by Johnston (1990) and interpreted the fault to be a significant structure.
The Red Hills ultramafic massif is divided into four lithological units (Stewart, 2015) , which can be grouped into the refractory and refertilized domains described by Sano & Kimura (2007) . Below, we describe field observations and existing interpretations for them. More complete unit descriptions are available in the online Supplementary Data (geological map) (supplementary data are available for downloading at http://www.pet rology.oxfordjournals.org).
Refractory mantle domain: Two Tarns Harzburgite
The Two Tarns Harzburgite is a refractory, poorly foliated ( Fig. 2a) , but pervasively lineated harzburgite that occurs in the eastern half of the massif (Fig. 1b) . It is dominated by harzburgite, but contains rare dunite bands and >100 m 2 pods of dunite. Geochemical modeling of clinopyroxene and whole-rock rare earth element data by Sano & Kimura (2007) and Kimura & Sano (2012) suggest that melting initiated in the garnet stability field, and continued into the spinel stability field. occur within the dunite bands, and reach c. 10 cm in width. Clinopyroxenite bands are common, but represent a small fraction of the total rock volume ( 5%). Dunite bands often contain coarse-grained clinopyroxene elongated parallel to the dunite bands (Fig. 2c) , and less commonly plagioclase. Within the dunite bands, a continuum from no clinopyroxene to isolated, diffuse clinopyroxene (e.g. Fig. 2c ) and to nearly pure clinopyroxenite (Fig. 2d) occurs. The Plateau Complex crops out along the central and southern RHUM (Fig. 1b) .
Refertilized mantle domain: Plagioclase Zone
The Plagioclase Zone (Fig. 1b) , the boundary between the Two Tarns Harzburgite and the Plateau Complex, is characterized by discontinuous lenses and sills of foliated plagioclase-lherzolite and plagioclase-harzburgite (Fig. 2e) . Plagioclase-bearing peridotite is far more common in the Plagioclase Zone than in the interior of the Plateau Complex and Ellis Stream Complex (see below). In the northern RHUM, the Plagioclase Zone is more abundant in area than in the south (Fig. 1b) , contains more abundant plagioclase harzburgite than in the southern Plagioclase Zone, and also contains large areas of massive harzburgite (without plagioclase) between plagioclase-bearing outcrops. Sano & Kimura (2007) considered this unit to represent initially refractory mantle peridotite (i.e. Two Tarns Harzburgite) that was refertilized by late-stage percolating melts in the plagioclase stability field. Webber et al. (2008) , calculated two-pyroxene equilibration temperatures of $850 C from rocks within the Plagioclase Zone in the central part of the massif.
Refertilized mantle domain: Ellis Stream Complex
The Ellis Stream Complex is composed of compositionally banded harzburgite and dunite ( Fig. 2g ) with minor lherzolite, and is located in the western part of the RHUM. The Ellis Stream Complex contains more dunite and less lherzolite than the Plateau Complex. Similar to the Plateau Complex, centimeter-scale clinopyroxene grains commonly occur within dunite bands (Fig. 2h) , and rare dunite pods >100 m 2 also occur. The clinopyroxene grains are often elongate parallel to the boundaries of the dunite bands. The complex contains common clinopyroxenite bands and less common orthopyroxenite bands; together the pyroxene bands represent less than 5% of the volume of the rock. Less commonly, the Ellis Stream Complex contains interstitial plagioclase within dunite bands (Sano & Kimura, 2007) .
The Ellis Stream Complex does not crop out on the east side of the Porter Fault. Thus the presence of the Porter Fault (Johnston, 1982 (Johnston, , 1990 along the eastern edge of the Ellis Stream Complex (see online Supplemental Data map; Fig. 1b) indicates that the unit is structurally detached from the rest of the massif. Sano & Kimura (2007) , who did not incorporate the presence of the Porter Fault into their model, interpreted this unit to represent the Moho transition zone, and to have been refertilized by migrating melts in the plagioclase stability field.
WHOLE-ROCK COMPOSITION AND MAJOR ELEMENT GEOCHEMISTRY Methods
Whole-rock mineral modes and major element compositions were determined from across the massif to elucidate possible lithological and major element geochemical trends. We sampled rocks from both the refractory and refertilized domains (Fig. 1c) . Most samples were taken from the central and southern RHUM, south of where Sano & Kimura (2007) and Kimura & Sano (2012) sampled. Modal compositions were based on >500 points per thin section. Sample locations and point count results are provided in the Supplementary Data.
Major element abundances were analyzed at the Washington State University Geoanalytical Laboratory. All samples were cut large enough to be representative of the bulk composition, and weathering rinds were removed. Major elements were analyzed by X-ray fluorescence (XRF). Samples were powdered in a high-purity tungsten carbide swing mill, mixed at a 1:2 ratio with dilithium tetraborate, and fused in graphite crucibles at 1000 C. Samples were then reground and fused a second time. Full operating procedures for the XRF technique have been given by Johnson et al. (1999) . Heating for loss on ignition (LOI) values was carried out at 900 C in quartz crucibles, which can cause some oxidation of the sample, thus some LOI values are negative.
Results
Modal compositions of each map unit plotted on an OlOpx-Cpx ternary diagram illustrate the lithological differences between the units, and show the internal variability within each unit (Fig. 3a) . We also plot modal abundances calculated by Sano & Kimura (2007) , who extensively sampled the northern RHUM. Samples from the Two Tarns Harzburgite plot within a narrow range in the harzburgite field (isolated occurrences of dunite also occur in the unit). Figure 3b- Whole-rock major element compositions are reported in Table 1 and plotted in Fig. 4 ; Al 2 O 3 contents vary from highly refractory (0Á18 wt %) to moderately fertile (3Á3 wt %) across the massif. The plot of CaO versus Al 2 O 3 (Fig. 4b) shows strong positive correlation regardless of lithological map unit, although several samples deviate from the main trend; the plot of CaO wt % versus MgO wt % (Fig. 4d) shows an overall negative correlation. Within the overall trends, samples from the Two Tarns Harzburgite plot within a relatively narrow compositional range. Samples from the other three units show more variability ranging from significantly more depleted (higher MgO, lower SiO 2 ), to significantly more fertile compositions (higher Al 2 O 3 , CaO).
OXYBAROMETRY
In this section, we calculate oxygen fugacity (fO 2 ) for a variety of samples from the Red Hills Complex. This varies as a function of tectonic setting, and is generally higher in suprasubduction-zone settings than in midocean ridges and sub-continental lithospheric mantle (e.g. Wood et al., 1990; Ballhaus et al., 1991; Frost & McCammon, 2008; Dare et al., 2009) . The cause of elevated fO 2 values in suprasubduction-zone settings is not well understood, but may be related to elevated amounts of Fe 2 O 3 released from the subducting plate, either from partial melting or from released fluids (Lecuyer & Ricard, 1999) .
Oxidation of the mantle wedge may result from reaction with oxidized melts during melt migration. Studies of dredged forearc peridotites and mid-ocean ridge peridotites have found a relationship between increasing fO 2 and increasing spinel Cr# [Cr/(Cr þ Al)] (Parkinson & Pearce, 1998; Pearce et al., 2000; Dare et al., 2009 ). Chromium number is directly related to the degree of melt depletion in peridotites (Hellebrand et al., 2001) . Because subduction-zone magmas tend to be more oxidized than mid-ocean ridge basalts, reaction with residual harzburgite and dunite tends to leave suprasubduction-zone mantle with higher fO 2 than midocean ridge mantle (Dare et al., 2009 ).
Methods
Several empirically calibrated relations have been developed to calculate fO 2 in natural peridotite samples from electron microprobe data (O'Neill & Wall, 1987; Wood, 1990; Ballhaus et al., 1991) . Both the Nell-Wood (Wood, 1990) and Ballhaus et al. (1991) We calculate the activities of the fayalite, ferrosilite, and magnetite components of natural olivine, orthopyroxene, and spinel, respectively, in the manner described by Wood (1990) for the Nell-Wood method and by Ballhaus et al. (1991) for the Ballhaus method. We applied two temperatures in the fO 2 calculations. When using the Nell-Wood method, we calculated fO 2 at temperatures reported by Stewart (2015) using two-pyroxene thermometry. A number of formulations of this geothermometer can be applied to estimate temperatures of pyroxene equilibration (Wells, 1977; Bertrand & Mercier, 1985; Brey & Kohler, 1990; Taylor, 1998) . However, Nimis & Grutter (2010) argued that the Taylor (1998) two-pyroxene formulation provides the most reliable temperature estimates and that this two-pyroxene thermometer yields similar results to the Ca-in-opx geothermometer of Brey & Kohler (1990) as modified by Sano & Kimura (2007) showing the composition of rocks from the Red Hills ultramafic massif. Samples from Sano & Kimura (2007) were re-plotted onto the map units of Stewart (2015) . Nimis & Grutter (2010). We have, therefore, applied the two-pyroxene geothermometer of Taylor (1998) to estimate temperatures, except in cases involving small clinopyroxene grains with a texture consistent with resetting or alteration during cooling. In these cases the Taylor (1998) thermometer yielded unrealistically low temperatures and, therefore, the Ca-in-opx thermometer was used to estimate temperature. Values of fO 2 are strongly dependent on temperature, and so are reported relative to the fayalite-magnetite-quartz (FMQ) buffer of O'Neill & Wall (1987) calculated at the same temperature as the oxygen fugacity. For the Ballhaus method, we used the olivine-spinel thermometer of Ballhaus et al. (1991) . This thermometer records the closure of Fe 2þ -Mg exchange between olivine and spinel, and typically produces much lower temperatures than the Taylor (1998) two-pyroxene thermometer for the same sample. The appropriate thermometer to use depends principally on the temperature at which reaction (1) closes (Parkinson & Pearce, 1998) . The two thermometers we used to calculate fO 2 provide a reasonable bracket for the actual fO 2 of the sample at closure (e.g. Parkinson & Pearce, 1998) .
Mineral chemistry data were obtained using a Cameca SX50 electron microprobe equipped with four wavelength-dispersive spectrometers, at Texas A&M University. Olivine, spinel, and orthopyroxene were analyzed using a 15 kV accelerating voltage and a 20 nA beam current. Olivine and spinel grains were analyzed with a 1 mm diameter beam, whereas orthopyroxene grains were analyzed with either a 1 mm or 20 mm diameter beam. Orthopyroxene compositions were estimated by reintegrating clinopyroxene exsolution lamellae with the orthopyroxene host. To achieve this, we averaged the compositions of typically 80 or more 20 mm diameter spots, arrayed in grids within orthopyroxene grains. Additional details have been provided by Stewart (2015) .
Mineral analyses were recalculated to cations as follows: orthopyroxene to four cations, spinel and olivine to three cations; the proportion of Fe 3þ versus Fe 2þ was calculated for pyroxene and spinel based on charge balance, although this method involves significant uncertainty (Wood & Virgo, 1989; Canil & O'Neill, 1996) . In particular, random uncertainties preclude the use of conventional miroprobe analyses to determine values of Fe 3þ /RFe in pyroxenes via charge balance (Canil & O'Neill, 1996) . However, determining values of Fe 3þ /RFe for spinel are not limited by random uncertainties, but by systematic uncertainties in the compositions of standards and matrix corrections (Wood & Virgo, 1989; Canil & O'Neill, 1996) . We have, therefore, analyzed spinel standards with known Fe 3þ /RFe ratios (provided by B. Wood) during each microprobe session. The value of the Fe 3þ /RFe ratio, as originally determined from charge balance, was then adjusted based on the analyses of these spinel standards by applying the method of Wood & Virgo (1989) .
Mineral compositions and fO 2 results
Mineral composition data are listed in Table 2 . Olivine grains are compositionally homogeneous within each sample, and show no internal zoning. Olivine forsterite content varies from 0Á88 to 0Á93 across the massif. Spinel grain morphology varies from highly irregular and interlobate (Fig. 5a ), to subhedral (Fig. 5b) . Interlobate grains vary from under a millimeter to several millimeters in length, whereas subhedral grains are typically <1 mm. Spinel grains of both morphologies typically show Al-Cr zoning, with rims slightly enriched in Al, but show no Mg-Fe 2þ zoning; Fe 3þ shows either no zoning or a slight enrichment on the rim. Samples 12RH14a and RH12ES01 show the best examples of subhedral spinel grain morphologies; both are associated with plagioclase and have higher than normal TiO 2 contents at or above 0Á25 wt % (Table 2 ). Figure 6 shows the forsterite content in olivine relative to the average spinel core Cr# from each sample. We include data from Sano & Kimura (2007) . Samples from the Plateau Complex, Plagioclase Zone, and Ellis Stream Complex typically lie within the olivine-spinel mantle array of Arai (1994) . Several samples have olivine forsterite contents lower (more Fe-rich) than is typical of the mantle array. In comparison, samples from the Two Tarns Harzburgite plot in a narrower zone entirely within the mantle array (dashed line, Fig. 6 ). A plot of core Cr# versus Mg# for spinel grains shows that samples from the Red Hills typically have lower Mg# than samples from a typical abyssal peridotite population, for a given Cr# (Fig. 7) .
The variation of spinel Cr# versus spinel TiO 2 wt % is illustrated in Fig. 8 . We include the extensive spinel dataset from Sano & Kimura (2007) . In general, spinels in harzburgites and dunites from the Two Tarns Harzburgite are extremely depleted in TiO 2 (Fig. 8a) , whereas spinels in dunites (Fig. 8b) , clinopyroxenebearing dunite (Fig. 8c) , and plagioclase-bearing peridotites from the Plateau Complex, Plagioclase Zone, and Ellis Stream Complex have variable, but typically higher TiO 2 contents (Fig. 8d ). All dunites from the three refertilized units, with the exception of sample 12RH29, are characterized by considerably lower Cr# than dunites from the Two Tarns Harzburgite (Table 3 ; Fig. 8a and b). Sample 12RH29 is unique among the refertilized domain dunites in that it was sampled from a large, $100 m 2 dunite pod in the Plateau Complex-not from the far more typical dunite bands.
Temperatures based on the compositions of coexisting olivine and spinel were estimated using the Fabriè s (1979) and Ballhaus et al. (1991) thermometers. These temperatures are low relative to those estimated using pyroxene thermometers, with values typically falling between 700 and 800 C (Table 3) . Oxygen fugacity results for both spinel cores and spinel rims are calculated using the Ballhaus and Nell-Wood methods and are listed in Table 3 . Results using the Ballhaus method are plotted in Fig. 9 . Spinel cores show a general positive correlation between Cr# and fO 2 for all samples from the Red Hills, regardless of lithological unit (Fig. 9a ). Core fO 2 values vary from -1Á49 to þ1Á58 relative to the FMQ buffer-a range of 3 log units. The most oxidized sample, 12RH29, also has a very high Cr#, and comes from the large, 100 m 2 pod of dunite in the Plateau Complex described above. Spinel rims show a similar trend, with a slightly higher range of values (Fig. 9b) . With the exception of sample RH12ES14 from the Two Tarns Harzburgite, most rims have similar to slightly higher fO 2 values relative to their cores (Table 3) .
We tested the robustness of the fO 2 calculations by considering the possibility of Mg-Fe 2þ resetting in spinel during cooling. Some resetting is likely, as spinel grains commonly have rims enriched in aluminum, but do not show Mg-Fe 2þ zoning. Olivine-spinel thermometry (Fabriè s, 1979; Ballhaus et al., 1991) yields temperatures c. 100-200 C lower when compared with two-pyroxene temperatures (Table 3) . Following the methods outlined by Woodland et al. (1996) , we compensated for possible resetting in spinel by adjusting the Mg-Fe 2þ ratio in spinel until the Fabriè s (1979) thermometer yielded temperatures equivalent to the Taylor (1998) two-pyroxene temperatures (Table 3 ; Stewart, 2015) . We fixed the composition of olivine and the values of the trivalent cations (Al, Cr, Fe 3þ ) in spinel. This back-calculated spinel composition yielded log fO 2 (DFMQ) values that are typically around 0Á1 log units more reduced than those calculated using measured spinel compositions. Such a nominal change indicates that possible late-stage, Mg-Fe 2þ resetting did not significantly alter the computed fO 2 in our samples.
DISCUSSION
Mineral composition, fO 2 , and whole-rock geochemistry provide evidence for three stages of melting and/or melt-rock reaction in the RHUM. Evidence for each stage is described below. 
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Journal of Petrology, 2016, Vol. 57, No. 4 Stages 1 and 2: garnet and spinel stability field melting Sano & Kimura (2007) proposed that melting began in the Two Tarns Harzburgite in the garnet stability field and continued into the spinel stability field. To explain extreme depletion in light rare earth elements in clinopyroxene, they modeled various degrees of spinel and garnet plus spinel stability field melting. They found that c. 10-15% garnet field melting followed by 5-10% melting in the spinel field best fits the observed results. We define Stage 1 as the early garnet field melting, as proposed by Sano & Kimura (2007) , and Stage 2 as the spinel stability field melting. Combined, Stage 1 and 2 melting in the massif produced the refractory Two Tarns Harzburgite, characterized by a relatively small range of modal compositions ( Fig. 3a) and small ranges in major element chemistry (dashed lines in Fig. 4a-d) . Below, we use our whole-rock major element chemistry, fO 2 estimates and mineral chemistry to help constrain the melting history and conditions during Stages 1 and 2.
Garnet plus spinel stability field melting model
To understand the melting history and test the garnet and spinel stability field melting model of Sano & Kimura (2007) , we model Ti concentrations in spinel using the pure fractional melting model of Johnson et al. (1990) , as modified for Ti by Pearce et al. (2000) . To facilitate comparison with the clinopyroxene rare earth element modeling of Sano & Kimura (2007) , we use an identical starting bulk composition (55% ol, 20% opx, 15% cpx, 10% gar) and identical melt modes (Baker & Stolper, 1994; Walter, 1998) to those used by Sano & Kimura (2007) . The Ti solid/melt partition coefficients for olivine, clinopyroxene, orthopyroxene and spinel are from Pearce et al. (2000) , and for garnet from Johnson (1998) . We begin melting in the garnet stability field assuming a bulk-rock TiO 2 content of 0Á18 wt % (e.g. Pearce et al., 2000) . We model Ti concentrations in each phase for 0%, 10%, and 15% melting in the garnet stability field. After completion of garnet stability field melting, new phase proportions are calculated for each degree of melting (0%, 10%, 15%), a new bulk-rock Ti (ppm) concentration is calculated, and the modal composition of the rock is then adjusted for the spinel stability field according to the decompression reaction Olivine
Using the new bulk-rock Ti concentration and modal compositions, additional melting in the spinel stability field is introduced. The modeled TiO 2 concentrations in spinel for 0-20% spinel field melting, following 0%, 10%, or 15% melting in the garnet stability field, are plotted as three lines (for 0%, 10%, and 15% prior garnet stability field melting) in Fig. 8a . TiO 2 wt % (spinel) for each degree of melting is plotted against spinel Cr#. Spinel Cr# has been calibrated to the degree of melting in the spinel stability field (Hellebrand et al., 2001) . Prior garnet stability field melting does not appear to be important to the relation, as many of the samples used to create the empirical relation, such as from the Central Indian Ridge (Hellebrand et al., 2001) , also contain a prior history of garnet stability field melting (Hellebrand et al., 2002) . We compare data from the Two Tarns Harzburgite with our model results; the data show two trends (Fig. 8a) . Between Cr# 0Á25 and 0Á35, TiO 2 in spinel decreases, whereas spinels with Cr# > 0Á35 have TiO 2 contents that increase with increasing Cr# (melt-rock interaction arrow in Fig. 8a ). During partial melting, TiO 2 in spinel should decrease owing to its moderately incompatible nature (e.g. Pearce et al., 2000) . However, during melt-rock interaction, in which melts migrate through a rock but were sourced from another location, peridotites already depleted through melting will react with the migrating melt in an effort to approach equilibrium. This can lead to higher TiO 2 values in spinel (Pearce et al., 2000) . Dunites in particular often approach equilibrium with migrating melts (e.g. Kelemen et al., 1995) . If in equilibrium, spinel from dunite can be compared with compositional fields for spinel from surface lavas, and can be used as a guide to the composition of the reacting melts (Pearce et al., 2000; Dare et al., 2009) . Spinels with Cr# < 0Á35 in Fig. 8a probably were affected by melting alone, whereas spinels with Cr# > 0Á35 reflect melting followed by melt-rock interaction. To compare our fractional melting model with spinels from the Two Tarns Harzburgite, we focus on spinels affected only by melting (Cr# < 0Á35). Importantly, these spinels have significantly lower TiO 2 values than predicted for spinel stability field melting alone (Fig. 8a, 0% garnet field melting line) . Lowering the initial whole-rock TiO 2 concentration to depleted mantle values is still unable to account for the low TiO 2 in spinel from the Two Tarns Harzburgite if no garnet field melting occurred. Instead, most spinel compositions are consistent with 10-15% melting in the garnet stability field, followed by an additional 10% melting in the spinel stability field. Several samples may record more than 15% melting in the garnet field, and more than 10% in the spinel field. Overall, these results support the model of Sano & Kimura (2007) , who interpreted 10-15% garnet field melting, followed by 5-10% spinel field melting.
Oxidation state during Stages 1 and 2
Despite the relatively narrow range in major element compositions in the Two Tarns Harzburgite, fO 2 estimates suggest a more complicated multi-stage petrogenetic history. The oxidation state of the peridotites during garnet and spinel field melting can be estimated by considering the fO 2 trends evident in Fig. 9 . The linear relationship between Cr# and fO 2 in Fig. 9a suggests that Stage 1 and 2 melting occurred at two different oxidation states. The correlation between increasing fO 2 and increasing Cr# throughout both the refertilized and refractory domains suggests that increased levels of melt depletion (resulting in higher Cr#) in a relatively oxidized setting progressively reset and increased fO 2 values. Progressive alteration and the development of positive linear trends of Cr# relative to fO 2 occurs when spinels react to approach equilibrium with migrating melts with elevated fO 2 . Importantly, this implies that all peridotites initially had low fO 2 and low Cr#, probably in the vicinity of sample RH12ES14 in Fig. 9a . However, the original range in fO 2 and Cr# prior to the development of the linear trend is ultimately unknown. We tentatively conclude that Stage 1 garnet field melting is correlated with the low fO 2 values in Fig. 9 , values around logfO 2 (DFMQ) of c. -1Á5 or lower (i.e. that of RH12ES14). Subsequent interaction between more oxidized melts during Stage 2 resulted in progressively higher fO 2 values in the Red Hills samples, and produced the positive linear trend in Fig. 9 . Additional melt reaction, as described below, produced dunite bands during Stage 3. An unknown amount of Stage 3 melt reaction or refertilization may have also contributed to the overall positive linear trend in Fig. 9a , which includes samples from both the refractory and refertilized domains. We note, however, that Stage 3 dunites have considerably lower Cr# and somewhat lower fO 2 than Stage 2 dunites (Figs 8a, b and 9a, b) , with the exception of sample 12RH29. Sample 12RH29 comes from a large pod of dunite in the Plateau Complex. Such pods of dunite are scattered throughout the massif. Because of its chemical similarity to Stage 2 dunite (Fig. 8b) , we interpret 12RH29, and in general all the large dunite pods found in the refertilized units, to be relicts from Stage 2. As a result, focused melt flow to create the Stage 3 dunite bands did not increase Cr# substantially. If fO 2 is indeed a function of Cr# as Fig. 9 suggests, then it is likely that the fO 2 primarily reflects Stage 2 melting and melt reaction and not later Stage 3 metasomatism. Some of the scatter in Fig. 9a and b may reflect minor increase in fO 2 at constant Cr# (particularly near Cr# 0Á4), resulting from Stage 3 metasomatism.
Tectonic setting of Stages 1 and 2
The tectonic setting of Stage 1 is the most difficult to characterize and is subject to the most uncertainty. It probably occurred under relatively reducing conditions of around log fO 2 (DFMQ) of c. -1Á5 or lower, based on the lowest fO 2 value in Fig. 9 . These relatively low fO 2 values are most consistent with melting in a mid-ocean ridge environment (e.g. Frost & McCammon, 2008) .
Continued melting during Stage 2 probably occurred under more oxidizing conditions, probably in a suprasubduction-zone environment. The slope of the linear trend in Fig. 9a and b and the location of the most oxidized samples provide constraints on the composition Fig. 8 . Cr# in spinel vs TiO 2 wt % in spinel, modified from Pearce et al. (2000) . Samples are divided into lithologies within the refractory and refertilized domains. Large symbols are data from this study; small symbols are from Sano & Kimura (2007) . In (b), the single Stage 3 dunite within the Stage 2 dunite field is interpreted to be relict Stage 2, as discussed in the text. above those expected for mid-ocean ridge environments, and are most consistent with reaction with a subduction-zone melt, such as a boninite or calcalkaline basalt. This suggests that Stage 2 melt reaction occurred in a suprasubduction-zone environment. Additional evidence suggesting an incipient suprasubduction-zone environment for Stage 2 is provided in Fig. 8 . Following the approach of Pearce et al. (2000) , Stage 2 dunites have considerably higher Cr# relative to harzburgites, and show a peridotite-melt interaction trending in the direction of boninite-type melts (Fig. 8a) . Such trends result from relatively TiO 2 -enriched melts reacting with extremely TiO 2 -depleted peridotites. Boninites, sourced from extremely depleted peridotites, have relatively low TiO 2 contents compared with MORB-type melts or IAT-type melts. Importantly, boninites are associated with forearc, subduction initiation settings (Stern et al., 2012) , suggesting that Stage 2 occurred in a subduction initiation setting.
Stage 3: channelized melt transport in the plagioclase stability field
The Plagioclase Zone and Plateau and Ellis Stream complexes are thought to represent mantle peridotite metasomatized in the plagioclase stability field by reactive melt transport (e.g. Sano & Kimura, 2007; Kimura & Sano, 2012) at c. 1000 C (Webber et al., 2008) . We classify these map units as part of Stage 3 melting, melt reaction and refertilization. Refertilization here refers to the bulk addition of clinopyroxene and plagioclase to the rock via fractional crystallization of migrating melts. Although the Ellis Stream Complex is structurally detached from the rest of the massif, its geochemical characteristics, described below, are similar to those of the Plateau Complex and Plagioclase Zone. Thus we interpret it as part of a system of Stage 3 melt conduits. The timing of dunite band creation in the Plateau and Ellis Stream complexes relative to plagioclase infiltration is debated (Sano & Kimura, 2007; Kimura & Sano, 2012; Stewart, 2015) . Therefore, in this section we first interpret the timing of dunite band creation. Next we interpret the tectonic setting of Stage 3, then we describe the geochemical effects of Stage 3 melt migration.
Timing of dunite band creation in the refertilized domain
Dunite bands in the Plateau and Ellis Stream complexes probably formed during the same melt migration event as Stage 3 clinopyroxene and plagioclase refertilization. The dunite bands are probably the result of reaction with channelized melt that was saturated in olivine but undersaturated in both pyroxenes (e.g. Kelemen et al., 1995) . However, field observations indicate that a subset of dunite bands also show evidence of refertilization resulting in the crystallization of clinopyroxene (Fig. 2c  and h ), and less commonly plagioclase. A continuum exists between diffuse, large clinopyroxene grains within dunite bands (Fig. 2c and h ) and continuous clinopyroxenite bands (Fig. 2d) . As a result, clinopyroxenite and olivine websterite bands throughout the massif ( Fig. 2d and e) are interpreted to be the fossil remnants of focused melt flow at clinopyroxene saturation, and to form from the coalescence of growing, interstitial clinopyroxene (see the right side of Fig. 2h for an example of interstitial clinopyroxene that has nearly coalesced into a band). Because many melt channels in the Plateau and Ellis Stream complexes preserve a history of depletion (dunite) and refertilization (clinopyroxene and/or plagioclase in dunite), we link the melt migration episode that created the dunite bands to the same melt migration episode that lead to refertilization. Figure 8a and b provides additional geochemical evidence indicating that the dunite bands in the Plateau and Ellis Stream Complex developed during Stage 3. Spinels from dunite bands in the Two Tarns Harzburgite (Fig. 8a) are characterized by very high Cr# and low TiO 2 . Spinels in Stage 3 dunite bands are characterized by much lower Cr# and a wide range of TiO 2 (Fig. 8b) . More importantly, Stage 3 dunites exhibit two meltrock interaction trends (Fig. 8b) , but neither trend parallels the melt-rock interaction trend from the Two Tarns Harzburgite (Fig. 8a) . Thus the composition of the reacting melts during Stages 2 and 3 were different, which indicates that the Stage 3 dunite bands formed during a different, later melt migration event from that which occurred in the Two Tarns Harzburgite.
Tectonic setting for Stage 3
Several lines of evidence suggest that Stage 3 also occurred in a suprasubduction-zone environment. First, plagioclase in all three Stage 3 units (Plagioclase Zone, Plateau Complex, Ellis Stream Complex) is highly anorthitic. Stewart (2015) reported anorthite values of An 89 to An 96 , with most around An 94 . Such high anorthite contents are typical of hydrous melts in subductionzone settings, which have dramatically increased anorthite contents in plagioclase feldspars (Sisson & Grove, 1993; Koepke et al., 2004; Feig et al., 2006) . Second, the broad petrological zoning in Stage 3 units implies early crystallization of clinopyroxene in the interior and later crystallization of plagioclase on the periphery. A crystallization sequence of olivine ! clinopyroxene ! plagioclase is typical of hydrous melts in subduction-zone settings, but is different from the typical MORB crystallization sequence of olivine ! plagioclase ! clinopyroxene (e.g. Shervais, 2001 ). The Plateau Complex, an interior Stage 3 unit, is dominated by the addition of clinopyroxene, often in the form of clinopyroxene bands (Figs 2c, d and 3b) , rather than plagioclase. The Plagioclase Zone occurs along the margin of the Plateau Complex (Fig. 1b) , and is characterized by both clinopyroxene and plagioclase addition ( Fig. 2e and f) . The marginal zones of migrating melts (i.e. Plagioclase Zone) will probably have either lower melt fluxes, encouraging stagnation, or potentially lower temperatures if the contact represents a thermal boundary layer. Either will encourage higher amounts of fractional crystallization within the migrating melt, potentially leading to multiple phase saturation, and could explain the abundance of plagioclase along the periphery of Stage 3 units. Importantly, this indicates that Stage 3 melts resulted in a petrologically zoned sequence with plagioclase-and clinopyroxene-rich peridotites on the margin, and dunite and clinopyroxenerich peridotite in the interior.
Podiform chromitites, ranging from several centimeters to roughly 10 cm in thickness, occur locally within the Plateau and Ellis Stream complexes. Such chromitites are known to form during subduction initiation (Rollinson & Adetunji, 2015) , and are not thought to occur in mid-ocean ridge settings (Rollinson & Adetunji, 2013) .
Petrological effects of Stage 3 melt ascent: mineralogy and whole-rock major elements
The petrological effects of Stage 3 melt migration in the Plateau Complex and Plagioclase Zone can be easily seen in modal composition space ( Fig. 3b and c) . Samples from the Plateau Complex are characterized by two divergent trends from an assumed original composition approximated by the Two Tarns Harzburgite (see arrows on the ternary plot of Fig. 3b ). The Plateau Complex contains harzburgite, dunite, and rare lherzolite. The dunite probably formed from focused or channelized melt transport, causing the peritectic dissolution of orthopyroxene and crystallization of olivine (e.g. Keleman et al., 1995) . Lherzolite, often found in conjunction with plagioclase, probably formed from percolative fractional crystallization of clinopyroxene (6 plagioclase and olivine). The Plagioclase Zone differs from the Plateau Complex in that plagioclase is far more common, and dunite bands are rare. The Plagioclase Zone contains both plagioclase lherzolite and plagioclase harzburgite ( Fig. 2e and f) . Plagioclase lherzolites probably formed from crystallization of both plagioclase and clinopyroxene (6 olivine, 6 orthopyroxene) from an interstitial basaltic melt ascending within a harzburgite protolith resembling the Two Tarns Harzburgite (see arrows in Fig. 3c ). Plagioclase harzburgites also have higher average clinopyroxene contents when compared with the Two Tarns Harzburgite (Fig. 3c) , and so probably also crystallized minor clinopyroxene.
Whole-rock major element geochemistry also shows the geochemical effects of Stage 3 melt migration. Stage 3 units show both melting trends and refertilization trends moving in opposite directions away from the compositional range of the Two Tarns Harzburgite, resulting in significantly more geochemical heterogeneity in Stage 3 units. Depletion by melt reaction with refractory harzburgite, which produced the dunite bands in the Plateau Complex, resulted in decreased contents of CaO (Fig. 4a, b and d) , Al 2 O 3 (Fig. 3b) and SiO 2 (Fig. 4a and c) , but increased that of MgO ( Fig. 4c and d ). Refertilization from percolative fractional crystallization of clinopyroxene 6 plagioclase (Plateau Complex) and clinopyroxene and plagioclase (Plagioclase Zone) from ascending Stage 3 melts changed the major element composition of the Stage 2 refractory harzburgites, resulting in increased contents of CaO (Fig. 4a, b and d) and Al 2 O 3 (Fig. 4b) . We attribute the scatter in those samples with relatively high CaO (Fig. 4a, b and d ) to result from different percentages of modal addition of clinopyroxene and plagioclase.
Petrological effects of Stage 3 melt ascent: cryptocrystalline metasomatism
Stage 3 melts altered the Cr# and TiO 2 contents of spinel in Stage 3 units. Figure 8b shows two interaction trends for Stage 3 dunites from the refertilized domain. One interaction trend has a positive slope. The direction of this melt-rock interaction trend suggests that the reacting melt was an IAT-type melt, although the abundance of fractional crystallization features in the refertilized domain makes such a conclusion uncertain. Because the interaction trend for clinopyroxene-bearing dunites parallels that of the ordinary dunites (Fig. 8c) , we infer that clinopyroxene became saturated while the aluminous phase was undersaturated (hence the increasing Cr#). Thus when Stage 3 melts were undersaturated in the aluminous phase, TiO 2 contents in spinel progressively increased with increasing Cr#, regardless of the saturation of clinopyroxene in the melt.
The other interaction trend in Fig. 8b is negative, indicating that spinel eventually became saturated in the melt during Stage 3, causing Cr# to decrease with higher amounts of melt-rock interaction. The termination of this trend is around Cr# 0Á4, which is approximately equivalent to the Cr# of all plagioclase-bearing peridotites. Plagioclase-bearing peridotites are characterized by an interaction slope of approximately zero (Fig. 8d) , which indicates that spinel Cr# became fixed with the stability of plagioclase, and higher degrees of melt-rock interaction changed only the TiO 2 content of the spinels. A Cr# of 0Á4 is interpreted to reflect the spinel composition at which plagioclase becomes stable. The high TiO 2 contents associated with ordinary dunites (Fig. 8b) and also with the plagioclase-bearing dunites were probably caused by fractional crystallization of a tholeiitic melt, which results in increased proportions of Fe and Ti in the melt during the early stages of differentiation (e.g. Gill, 1981) .
Cryptocrystalline metasomatism is also observed in the relative depletion of the forsterite component in olivine relative to spinel Cr# (Fig. 6) . Arai (1994) noted that this trend is typical of peridotites experiencing metasomatism and percolative fractional crystallization. Sano & Kimura (2007) interpreted this trend in samples from the northern Red Hills massif to be the result of reaction with fractionally crystallizing melts. Iron enrichment, similar to Ti enrichment in spinel, may be the result of fractional crystallization of a tholeiitic melt. This has also been reported for other peridotite bodies (e.g. Bodinier et al., 1990; Woodland et al., 1996) .
To summarize, the modal mineralogy and bulk-rock chemistry of the refertilized western RHUM changed considerably owing to Stage 3 focused melt migration and percolative fractional crystallization of ascending melts within an upper mantle melt transport network. The abundance of dunite bands in the interior may suggest higher melt fluxes in the interior than on the periphery, which may have led to melt stagnation on the periphery and the development of a compositionally zoned peridotite body (plagioclase-rich periphery, banded dunite-harzburgite interior). The Stage 3 melt migration described here may reflect the conversion of a lithologically homogeneous depleted mantle asthenosphere (i.e. refractory Two Tarns Harzburgite, Stages 1 and 2) into a compositionally zoned and geochemically heterogeneous mantle lithosphere.
Three-dimensional geometry of melt transport networks
In this section, we interpret the subsurface geometry of the Stage 3 melt system. We use the Plateau Complex as a proxy for the interior of the melt transport system, and the Plagioclase Zone as the periphery. The threedimensional geometry of the Stage 3 melt extraction system can be estimated based on geological mapping ( Fig. 1b ; Stewart, 2015) and the construction of crosssections (Fig. 1d) . We avoid the Ellis Stream Complex in this discussion because it is fault bounded. However, we assume that the Ellis Stream Complex would have similar zoning characteristics if its margins were preserved. Several interesting features are notable in the cross-section and on the map. First, as melts rise and reach saturation in mineral phases, they begin to fractionally crystallize and create compositionally zoned conduits (Fig. 1d) . Second, in the north, the Plagioclase Zone (Fig. 1b) may represent a melt carapace, or cap to a subsurface melt conduit (Fig. 1d) . These melt caps produce refertilization fronts at the extreme upper edge of percolating and fractionally crystallizing melts that freeze during ascent. The refertilization fronts in the northern Red Hills may be analogous, although at a smaller scale and in a different tectonic setting, to the well-studied refertilization front in the Ronda massif (van der Wal & Bodinier, 1996; Garrido & Bodinier, 1999; Lenoir et al., 2001) .
Stages 2 and 3: the development of compositionally heterogeneous lithosphere in the forearc
The inference of boninites reacting to create Stage 2 peridotites (Fig. 8a) suggests that Stage 2 occurred in a subduction initiation setting. The early, incipient stages of subduction may be particularly important to the compositional development of mantle lithosphere in the forearc. Rapid slab rollback is predicted during the early stages of subduction, producing widespread extension, mantle upwelling, and in many cases the development of forearc spreading centers (Stern & Bloomer, 1992; Stern et al., 2012) . These forearc spreading centers are active only at the beginning of new subduction systems. Within c. 10 Myr the following sequence of events is thought to occur: (1) cooling of the forearc; (2) diminishing extension in the forearc; (3) magmatism migrating away from the trench and forearc, forming a traditional volcanic arc (e.g. Stern et al., 2012, and references therein) . For this reason, and because the Red Hills ophiolite is overlain by Late Permian forearc sediments (Johnston, 1981) , we interpret Stage 3 to have occurred shortly after Stage 2 during subduction initiation, but prior to sediment deposition.
Adopting an incipient forearc tectonic setting, we can apply the results of this study to understand the development of forearc mantle. Figure 10 contains two schematic block diagrams illustrating the incipient subduction environment representative of the evolution of the Red Hills ultramafic massif during Stages 2 and 3. Figure 10a and b represents two time stages (t 1 and t 2 ) in the early evolution of an oceanic subduction-zone system. As the slab rolls back and steepens from t 1 to t 2 , space opens up above the descending plate. Mantle flows into the space created in an overall extensional environment, and rising melts are erupted in a forearc spreading center. Decompression and the presence of slab-derived volatiles both may contribute to the production of melts (e.g. Shervais, 2001) . Location A in Fig.  10a is the approximate location for Stage 2 melting of the Red Hills ultramafic massif. At pressures in the spinel stability field, melting and melt transport is relatively pervasive. At shallower depths closer to the spreading center during t 1 , melt is no longer homogeneously distributed, but becomes focused into narrower conduits (location B).
As a consequence of mantle upwelling induced by slab rollback, the Red Hills ultramafic massif is exhumed to shallower depths from t 1 to t 2 . At time t 2 , it is located at position C, and represents the development of Stage 3 melt reaction and refertilization, which petrologically overprints Stage 2 within the Plateau Complex and Plagioclase Zone (Fig. 10b) . At shallow depths in the plagioclase stability field, melt is no longer homogeneously distributed, but becomes focused into narrower conduits. Presumably, homogeneous melting continues at depth (position D) beneath the Red Hills ultramafic massif, and supplies the melt transported through Stage 3 melt channels.
The inset diagram in Fig. 10b illustrates in greater detail the compositional heterogeneity that results from Stage 3 melt reaction and refertilization, and how this leads to a lithologically heterogeneous lithosphere. Location E represents a zone of focused (Stage 3) melt transport. Internally within the focused zone, melt flux is heterogeneous at the meter scale, containing both zones of high melt flux (melt channels) and zones of low melt flux (harzburgite and lherzolite matrix).
Location F represents a zone of trapped and stagnating melt, occurring along the upper termination of a zone of focused melt transport. Stagnating melts also discontinuously occur along the lateral edges of the zones. As forearc spreading continues, through time the mantle cools, and melts reach saturation in clinopyroxene and later plagioclase. At any given time, melt is not being actively transported in every dunitic band; thus only active melt channels begin to crystallize clinopyroxene (Fig. 2c, d and h) and plagioclase (Fig. 2f) . Non-active melt channels, where melt was being transported prior to reaching saturation in clinopyroxene and plagioclase, retain their dunite composition within harzburgite ( Fig. 2 and g ). Thus zones of focused melt transport (Location E) cool into kilometer-scale bodies of compositionally banded dunite and harzburgite with minor lherzolite as they transform into lithosphere (Location H). Location H is analogous to the Plateau Complex in the Red Hills ultramafic massif. Trapped and stagnating melts (Location F) crystallize during cooling, transforming harzburgite with a small melt fraction into plagioclase lherzolite and plagioclase harzburgite (Fig. 2e) . Location G is analogous to the Plagioclase Zone, occurring as the byproduct of cooled, stagnated melts at the upper termination of focused melt transport zones and along the lateral edges of such zones. Importantly, the focused nature of melt extraction at shallow levels preserves evidence of early melting (Stages 1 and 2). Location I is analogous to the Two Tarns Harzburgite, and represents early Stage 1 and 2 melting that did not become overprinted owing to the focused nature of melt extraction at shallow levels.
Our results indicate that residual peridotites (location I), such as the Two Tarns Harzburgite, can preserve evidence for much earlier spreading center melting, even in forearc tectonic settings. Studies of modern forearc peridotites have identified examples of residual mid-ocean ridge and back-arc basin peridotites that reacted with, but did not re-equilibrate with, subduction-zone melts (Parkinson & Pearce, 1998; Pearce et al., 2000) . The Red Hills ultramafic massif preserves the melt conduits that focus melt at shallow levels, allowing this preservation to occur. Together, our results and studies of modern forearc peridotites (e.g. Parkinson & Pearce, 1998; Pearce et al., 2000) suggest that a model of increasingly focused melt extraction at shallower levels may be fairly common in forearc environments, and may be the primary melt extraction system during forearc magmatism.
CONCLUSIONS
The Red Hills ultramafic massif records early widespread melting in the garnet (Stage 1) and spinel (Stage 2) stability fields. Garnet field melting probably occurred in a mid-ocean ridge environment, at log fO 2 (DFMQ) of -1Á5 or lower. Reacting melts in the spinel field were probably boninitic in origin, and had log fO 2 (DFMQ) values of þ1 or higher. The western massif records evidence for later focused melt migration (Stage 3) in the plagioclase stability field that overprinted and geochemically altered Stage 2 peridotites. This Stage 3 melt transport system, represented by the Plateau and Ellis Stream complexes and the Plagioclase Zone, produced both more depleted compositions (dunites) and more fertile compositions (lherzolites). Stage 3 melt migration produced map-scale compositional zoning, characterized by the modal addition of plagioclase and clinopyroxene (6 orthopyroxene 6 olivine) on the periphery and the development of compositionally banded dunite and harzburgite and local zones of plagioclase lherzolite in the core. Stage 1 and 2 melting, and later focused melt ascent (Stage 3) in a subductionzone environment produced a compositionally heterogeneous lithosphere. Melt focusing helps preserve evidence of much earlier, residual mid-ocean ridge melting, even in subduction-zone environments.
